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The effect of annealing on structural, optical and electrical properties of tungsten 
oxide (WO3)  t h i n  f i l m s  h a s  b e e n  i n v e s t i g a t e d .  W O 3  f i l m s  h a s  b e e n  d e p o s i t e d  o n 
unheated corning glass and silicon substrates by physical vapour deposition, followed 
by annealing at temperatures 3000 qC and 5000 qC for 1 h in oxygen atmosphere. The 
as grown WO3 film is amorphous whereas the annealed films show monoclinic 
crystalline behaviour. It has been observed that the films annealed at 3000 qC for 1 h 
had low surface roughness, good adhesion, high optical transmittance (upto 65 %) in 
t h e  v i s i b l e - i n f r a r e d  s p e c t r a l  r a n g e  a n d  g o o d  p h o t o l u m i n e s c e n c e  p r o p e r t y  i n  b l u e 
wavelength range. It is found form the transmittance spectra that the absorption edge 
i s s l i gh t l y s h i f t e d t o w ar ds  t h e l o ng er w av el e n gt h r e gi o n f o r t h e f i l m s a n ne al ed  at 
higher temperatures. The present data could help to develop general strategies for the 
improvement of electrochromic and sensor devices based on WO3 film. 
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1.  INTRODUCTION 
 
Electrochromic devices are of interest for a wide range of applications and 
commercial activities are being started up. In particular, energy-efficient 
windows with variable solar and luminous transmittance are able to reduce 
the influx of solar energy into a building. This will lead to large reductions in 
the need for cooling and air conditioning in warm and temperate climates. In 
recent years, tungsten oxide films have been the focus of extensive scientific 
investigations due to their outstanding electrochromic properties  [1]. 
Depending on the deposition conditions and techniques, films may present 
considerably different structural, optical and electrical behaviours. These 
films also have wide applications as gas sensors [2] and electro catalysis [3]. 
  The purpose of this work is to deposit the material by physical vapour 
deposition technique and to optimize the formation of smooth nanocrystalline 
WO3 films without delaminating from the substrate. The investigations so far 
carried out by us show that the films can be deposited with a good adhesion to 
both glass and silicon substrates. In this paper, we have systematically inves-
tigated the change of crystallinity, structural, optical and electrical properties 
of as-deposited WO3 films and the films annealed at different temperature.  
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2.  EXPERIMENTAL PROCEDURE 
 
WO3 films were deposited on the unheated corning glass and n-type Si (100) 
s u b s t r a t e s  b y  t h e  e - b e a m  e v a p o r a t i o n  of  h i g h - p u r i t y  W O 3  powder (99.99 %) 
taken in water cooled copper crucible. The substrates were cleaned with 
trichloroethylene, isopropanol, acetone and deionoized water before introducing 
it into the evaporator. The distance between the source to the substrates was 
~ 20 cm and the base pressure in the evaporator was 1 u 10 – 8 Torr. Deposition 
rate was maintained as 1Å/s with the help of a quartz crystal balance, and 
t h e  t h i c k n e s s  o f  a l l  s a m p l e s  w a s  s e t  a s  2 0 0  n m .  T h e s e  W O 3  films were 
annealed at 3000  qC and 5000  qC  f o r  1  h  i n  o x y g e n  a t m o s p h e r e  w i t h 
t e m p e r a t u r e  r a m p  o f  2 0  q C/min. The appearance of as-deposited film (a-
WO3) was reddish, after annealing its colour changes to bluish. 
  C r y s t a l l o g r a p h i c  s t r u c t u r e  o f  t h e  s p e c i m e n  w a s  e x a m i n e d  a t  r o o m 
temperature by a Philips diffractometer using CuKD radiation for the range 
200 d 2T d 800 with step size of 0.02. The infrared (IR) transmission spectra 
were studied at room temperature by PerkinElmer Fourier transform infrared 
(FTIR) spectrometer (Spectrum 1000). Data was taken in attenuated total 
reflection mode. The surface morphology of the samples was obtained by JEOL 
scanning electron microscope (SEM); equipped with Oxford INCA energy 
dispersive X-ray (EDX) spectrometer. Photoluminescence (PL) spectrum was 
recorded with the help of HORIBA PL spectrometer, where a Xenon lamp was 
used as photon source. Electrical property of WO3 film was measured by four-
probe method with the help of Keithely 4200 source meter. 
 
3.  RESULTS AND DISCUSSION 
 
3.1  Structural behavior 
 
The SEM images of WO3 films grown on Si substrate are shown in Fig. 1 a-c. 
T h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  s u r f a c e  m o r p h o l o g y  o f  W O 3  films is 
remarkable. Prominent grains cannot be observed for a-WO3 films even at 
very high magnifications. This observation is in agreement with the XRD 
results indicating the complete amorphous nature of the a-WO3 films. The 
small dense particles, almost spherical in shape can be noticed in SEM image 
for WO3 films annealed at 3000 qC and 5000 qC. The WO3 films continue to 
show preferred growth along with an increase in average particle size with 
increasing temperature. However, grain distribution with proper adhesion is 
observed for the films annealed at 3000 qC. 
  In Fig. 2, IR spectra have been shown in the range 650-3500 cm – 1 for a-
WO3 and annealed films. The films show a broad peak in the range 1000-
1800 cm – 1. Peaks in the range 600-900 cm – 1 and 2250-2350 cm – 1 are also 
observed, almost in agreement with some previous results  [4-5]. Peaks 
become more prominent as temperature increases. 
  Fig.  3 shows the X-ray diffractograms of WO3 thin films on Si substrate. 
Th e  X RD d ata sh ows th a t th e  str uctu re  of  a-W O 3 f i lm i s amorph ous. Af te r 
annealing at 3000 qC and 5000 qC in oxygen atmosphere the crystallinity of 
film is improved [6]. After annealing the films show monoclinic phase described 
by space group P21/C (14) and lattice parameters are: a   5.2610 r 0.0000 ', 
b   5.1358 r 0.0189 ', c   7.6500 r 0.0000 ' and E   92.051. The XRD pattern 
contains a peak corresponding to Si-substrate at 2T ~ 67.79q.  
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Fig. 1 – SEM images of WO3 films: unannealed (a), annealed at 300 qC (b) and 
500 qC (c). Inset of Fig. 1(a) shows EDX result of unannealed film 
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Fig. 2 – FTIR results of a-WO3 and annealed films 
 
  The  average  crystalline  size, D was determined by the Scherer method [7]; 
 
  D   SO/EcosT,  (1) 
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where the Scherer constant, S   0.9,  O is the wavelength of the incident 
radiation, E is the full width half maximum intensity, and T is the Bragg 
angle corresponding to the peak being considered. The estimated average 
c r y s t a l l i t e  s i z e  i s  4 0 . 3 2  a n d  4 7 . 6 0  n m  f o r  f i l m  a n n e a l e d  a t  3 0 0  q C and 
500 qC respectively. Hence in agreement with SEM results, these data also 
show that grain growth occurs with the increase of annealing temperature. 
 
   
 
 
 
Fig. 3 – X-ray diffraction data for a-WO3 and annealed films 
 
 
  
 
 
264  SUNITA  KESHRI, ASHUTOSH KUMAR, DEBDULAL KABIRAJ 
 
 
3.2  Optical behavior 
 
Fig.  4 shows the optical transmission spectra of a-WO3 and annealed films 
on  g lass subs tr ate . Th e  a- W O 3 film is transparent in the visible infrared 
spectral range with transmittance upto ~ 79 %; its transmittance decreases 
sharply at the wavelength ~ 370 nm due to the fundamental near absorption 
edge. The oscillations in the transmission spectra are caused by optical 
interference. Spectral transmittance of as deposited film to annealed film 
slightly decreases with increase in the annealing temperature. This may be 
because of the fact that although annealing causes improvement in 
crystallinity of the films, but it simultaneously increases the defect density. 
It is also observed that the absorption edge is slightly shifted towards the 
longer wavelength region for the films annealed at higher temperatures. The 
shift in absorption edge towards longer wavelength region has been assigned 
to the colouration effect of the films [8, 9] and is caused by a disappearance 
of short W O bonds for the crystalline structures. [10] 
  This  may be  noted  that WO3 is an indirect semiconductor and the optical 
band gap of these films can be determined by considering the indirect 
transition between 2p electrons from the valence band of oxygen and the 5d 
conduction bands of tungsten using Tauc’s relation [11] given as 
 
  (DhQ)
J   $(hQ  (g)  (2) 
 
where A is a constant, hQ is the incident photon energy, Eg is the optical 
energy band-gap, and D is the absorption coefficient, which is obtained near 
the absorption edge from the transmittance, T using the equation 
 
  11
ln
dT
D §·   ¨¸
©¹
  (3) 
 
where d is the thickness of the film. For indirect transitions the exponent 
takes the value r    1 / 2 .  T h u s  t h e  o p t i c a l  e n e r g y  b a n d - g a p  o f  W O 3  films 
deposited at different temperature was determined by plotting (DhQ)1/2 
versus the incident photon energy (hQ) , a s  s h o w n  i n  F i g .  5 . T h e  o p t i c a l 
energy band-gap for as grown amorphous WO3 film is found to be 3.41 eV, 
whereas the optical energy band gap for the crystalline films annealed at 
300 qC and 500 qC has been calculated as 3.28 eV and 3.05 eV respectively. 
The results are in agreement with the previously reported data [12]. 
  The  PL  spectra of  the  a-WO3 and annealed films were measured using Xe 
lamp as the excitation source at room temperature; Fig.  6 shows the 
corresponding emission spectra. The emission peak of the as-deposited film 
consists of UV emissions and blue emissions. Emission at 467 nm appears 
for the Xe (source) lamp. It may be noted that the blue emission of this case 
can be attributed to the indirect band-band transition of WO3 whereas the 
UV emission arise from the defect states of WO3 [13-14]. After annealing at 
300 qC, the blue emission becomes prominent which however not prominently 
observed for the film annealed at 500 qC. The results indicate that the film 
annealed at 300 qC  s h o w  g o o d  P L  s p e c t r a  a l o n g  w i t h  c o n s i d e r a b l y  g o o d 
optical transmittance (~ 65 %) in the blue spectral range. 
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Fig. 4 – The spectral transmittance for a-WO3 and films annealed at 300 qC and 500 qC 
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Fig. 5 – Plot of (DhQ)1/2 vs. (hQ) for a-WO3 and films annealed at 300 qC and 500 qC 
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Fig. 6 – Photoluminescence spectra of a-WO3 and annealed films at 300 qC and 500 qC  
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3.3  Electrical Behaviour 
 
The electrical conductivity, V, as a function of temperature for unannealed 
and annealed WO3 films are shown in Fig. 7. It is observed that conductivity 
increases exponentially with increasing temperature, which could be 
attributed to the negative temperature coefficient of resistance and 
semiconducting nature of the WO3. The figure shows that conductivity of 
the annealed films is larger. This is because with the increase in annealing 
temperature, grain size increases resulting in a decrease in grain boundaries 
and associated impedance to the flow of charge carriers  [15]. Such a 
behavior is favourable for gas sensor applications of these films [16]. 
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Fig. 7 – Temperature-dependent dc conductivity of WO3 thin films 
 
4.  CONCLUSION 
 
The investigations so far carried out by us show that WO3 thin films prepared 
by physical vapor deposition method using e-beam present good adhesion to 
b o t h  g l a s s  a n d  S i  s u b s t r a t e s .  T h e  t r a n s f o r m a t i o n  o f  a m o r p h o u s  t o 
polycrystalline nature of the films was observed when we increase the annealing 
temperature. Post growth annealed samples have been characterized by XRD, 
F T I R ,  S E M ,  o p t i c a l  t r a n s m i t t a n c e  a n d  P L  s p e c t r o s c o p y .  T h e  n a n o c r y s t a l l i n e 
nature of WO 3 films prepared at different annealing temperatures is evident 
f r o m  t h e  X R D  a n d  S E M  r e s u l t s  r e p o r t e d  h e r e .  Formation of smooth 
polycrystalline WO3 films without delamination from the substrates has been 
found by annealing at 300 qC. This film shows the best optical and electrical 
response due to improved crystallinity and enhanced light emission in the blue-
wavelength region. We believe that these preliminary characteristic 
observations on the WO3 films will be helpful to explore the device performance 
of the films for electrochromic, gas sensors and smart window applications. 
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